Renovating historical buildings having valuable facades often includes interior retrofitting, perhaps entailing an increased durability risk. However, the urban heat island effect and the ongoing climate change might mitigate the severity of frost action and mould growth. By means of HAM simulations in Delphin, this study evaluates interior retrofitting of solid masonry on three scales. First, the sensitivity to the intra-urban climatic differences of the freeze-thaw in Ghent is analysed. Secondly, the spatial pattern of freeze-thaw behaviour across Europe is assessed. Finally, the influence of observed climate change on the European freezethaw pattern is investigated. A decreasing number of critical freeze-thaw-cycles is found when comparing the rural area and city centre of Ghent. Further due to climate change, the number of freeze-thaw-cycles across Europe generally decreases as well, except at northern latitudes exposed to increased wind-driven rain loads.
the climate during the previous decades (IPCC 2013) . The ongoing and future climate change will also impact the durability risks. Therefore, one should consider UHI effects and climate change while assessing the potential decrease in the durability risk of solid masonry wall assemblies.
The UHI in the urban canopy layer (UCL), the air layer below the roof level, is the result of changes in the energy and radiation balance between locations in different urban environments (Oke 1982; Arnfield 2003) . In general, the UHI is most pronounced during nights with clear sky conditions and low wind velocity. The UHI can be understood as an interplay between different physical mechanisms (Steward and Oke 2012) . The three-dimensional geometry of the buildings in so-called street canyons results in an increased absorption of incoming solar radiation and a greater retention of outgoing infrared radiation.
Together with the thermal properties of the materials in an urban environment and the decreased moisture content in the soil, reducing the solar energy converted into latent heat, this explains the elevated air temperature in the UCL. Although it is generally considered as a smaller factor, the anthropogenic release of heat by domestic heating, transport… also contributes to the UHI as investigated for example by Bohnenstengel (2014) for London. Given the spatial variation of the previous contributions significant intra-urban climatic differences exist.
With regards to global warming, Grossi et al. (2007) studied the freeze-thaw risk on the built heritage across Europe using future climate projections obtained from the Hadley HadCM3 global climate model. This study investigates the emission scenario A2 which assumes the largest greenhouse gas emissions among the three scenario's: B1 (low), A1B (mid) and A2 (high). Projections for Europe indicate a temperature increase of 3°C to 5°C. Although, several frost indices are studied by Grossi et al. (2007) , the number of FTC crossing 0°C (using daily average temperature) is found a reliable and straightforward approach to evaluate the distribution and change of frost action across the continent. Even a limited temperature increase alters the freeze-thaw behaviour of the climate, shifting the region sustaining the most FTC. An increased number of FTC is expected in regions experiencing an increase in sub-zero mean temperatures, whereas regions experiencing an increase in temperatures above 0°C would sustain less FTC. This means that the number of FTC is decreasing in West and Central Europe, i.e. the temperate climate zone. High latitude regions are likely to experience an increasing number of FTC, along with locations at high altitudes. However, Grossi et al. (2007) does not involve the wall assembly, orientation, WDR load, solar radiation etc.
Considering the durability of the built heritage, it is therefore necessary to evaluate these outcomes with the results of HAM simulations on wall assemblies.
The content of this article is the following: The simulation model, boundary conditions, wall construction and damage criteria are discussed in section 2. In section 3, the determination of the critical orientation to assess the durability of the building envelope is elaborated, whereas section 4 analyses the influence of interior retrofitting on solid masonry. Both sections discuss the freeze-thaw behaviour in Ghent and Europe. Additionally, mould growth is considered for the city of Ghent. Beside providing a preliminary context, analysing the critical wall orientation and assembly enables the possibility to focus on the worst-case scenario and delimit the computational cost of the simulations. Section 5, the main objective of this study, analyses D r a f t 4 the freeze-thaw behaviour of interior retrofitted solid masonry wall assemblies on three scales. First, the resolution of the city is assessed by considering four locations across the urban environment of Ghent. The influence of UHI effect and other phenomena driving intra-urban differences are evaluated. Secondly, patterns of freeze-thaw behaviour across the European continent are determined. The number of FTC crit is assessed for one statistical average year at 36 locations, and general trends are acknowledged. Finally, a temporal resolution is considered to analyse the influence of observed climate change across Europe at the same 36 locations. Conclusions are formulated in section 6.
II. SIMULATION MODEL AND CRITERIA
Hygrothermal behaviour and durability of solid masonry wall assemblies are evaluated by means of HAM simulations in Delphin 5.9.5. The Delphin solver has been successfully validated in the past through HAMSTAD Benchmark exercises 1-5 (Nicolai and Grunewald 2006) . Further, Matlab Research R2017b is used for the analysis of weather data, the preparation of climatic files and post-processing of simulation results.
HAM simulations are executed for five consecutive years. During the first four years the wall assembly is conditioned to the outdoor climate to achieve a moisture and heat balance, whereas the fifth year the evaluation year. HAM simulations are conducted for wall configurations with an exposure height of 10 m. The minimum rain temperature is considered to be -2°C, meaning that below this temperature rain falls as snow.
A. Exterior Boundary Conditions

1) Ghent
The measured meteorological data at four locations in Ghent, originating from the MOCCA project, are addressed to analyse the influence of the urban heat island (UHI) effect on retrofitted solid masonry wall assemblies. The project MOCCA, MOnitoring the City's Climate and Atmosphere, was initiated by the Department of Physics and Astronomy of Ghent University to study the UHI in Ghent (Caluwaerts et al. 2016) . High-accuracy measurement stations are monitoring the urban climate since July 1st 2016. The weather stations are spread over the different landscapes characteristic for a middle-sized European city: the rural area around Ghent (Melle), the port environment with industrial activity (Honda), the suburbia covered by (semi-) detached housing and green zones (Wondelgem), and a broad urban street canyon in the city centre (Provinciehuis) (figure A.1 as part of the Supplementary Data available online). An urban park (Plantentuin) and narrow street canyon (St.
Bavo School) are part of the MOCCA project as well, but are not considered in this study. Each MOCCA station uses identical professional sensors to measure different meteorological parameters at 2 m height. Data are available at a 1 minute temporal frequency. Please refer to Caluwaerts et al. (2016) for more detailed information about the sensors and the locations of the MOCCA network. This study considers observations of the actively ventilated temperature, relative humidity, wind velocity and direction, and precipitation for one particular year (July 1st 2016 until June 30th 2017 . This means that no mean nor D r a f t 5 extreme evaluation year is considered. Note that for this reason, this study should be considered as a sensitivity test to evaluate the impact of intra-urban climatic differences. No absolute damage risks can be assessed.
Wind velocity data are extrapolated from 2 m to 10 m using the Power Law as provided in Straube and Burnett's (2000) formula to calculate wind-driven rain (WDR) load. Direct and diffuse shortwave radiation data, as well as cloud cover, are collected from the Meteonorm database (Meteotest 2018 ) using the measurement station of Uccle, 50 km South East of Ghent.
To incorporate longwave radiation in the HAM simulations, sky temperature is computed and ground temperature is set equal to air temperature, as suggested in the Delphin user manual (Nicolai and Grunewald 2006) .
2) Europe
To analyse the distribution of critical freeze-thaw-cycles across Europe data are collected from the Meteonorm database by the Swiss company Meteotest Gonossenschaft (2015 Gonossenschaft ( , 2018 , one of the few sources providing statistical average weather files at a global range. The data contain either measured or interpolated values between different measure stations. The process to select the 36 locations is based upon climate zone, categorized in accordance to Troll and Paffen (1980) , geographical situation and spread, and availability of measured data. Furthermore, each climate zones is represented by one location, i.e. Whereas a Test Reference Year (TRY) is one actual average year selected from a database containing measured weather data (NCDC 1976; A.L.S. Chan et al. 2006 ), a TMY is a synthetized year combining averages from multiple years by means of statistical algorithms (Hall et al. 1978; NCDC 1981; A.L.S. Chan et al. 2006; Meteotest 2015) . Intermediate hourly values of TMY are generated based on monthly averages of different climatic parameters using a stochastic model. The generated hourly values have identical statistical properties as the monthly data. Furthermore, the computational algorithms guarantee the compatibility between the different climatic parameters. Note that only average years are evaluated in this study, not including extreme events and return periods.
B. Interior Boundary Conditions
Interior boundary conditions per location are generated by Delphin in function of outdoor air temperature based upon the standard ISO 13788 (Nicolai and Grunewald 2006) . The generated indoor air temperature and relative humidity range respectively between 20-25°C and 35-65%.
The solid masonry wall assembly, before retrofitting, is composed of 300 mm historical brick ('Historical Brick Cluster 4' originating from the Delphin Library) and 12 mm gypsum plaster at the interior side. Please refer to figure A.2 and table A.1 for the material properties of the considered masonry. After retrofitting the gypsum plaster is replaced by 150 mm mineral wool, a vapour barrier and 12 mm gypsum board. To reduce the computational cost, the masonry is assumed to be homogeneous brick stone, a simplification found to be acceptable by Vereecken and Roels (2013) for walls subjected to real climate conditions.
D. Freeze-thaw criterion
In this study, the number of critical freeze-thaw-cycles (FTC crit ) resulting from HAM simulations is considered to assess the durability of historical masonry against frost action. One FTC crit is counted each time the ice mass density exceeds a predetermined value, i.e. the critical moisture saturation degree (S crit ), and thawing is considered when the ice mass density drops below this value. The maximum number of FTC crit across the masonry is the considered number of FTC crit . Furthermore, the freezing temperature at each point in the porous material is calculated using the Kelvin equation. In this way, the freezing point depression is taken into account, as mentioned in the introduction.
As there is no S crit available for the masonry in this study, the ice volume rate level of 25 % of the open porosity is the arbitrarily chosen criterion, based upon Straube and Schumacher (2010) . In the case of 'Historical Brick Cluster 4' (Delphin Library) the critical ice mass density is equal to 82.5 kg/m³. Note that the criterion is chosen on the safe side and can only be used to quantitatively assess the number of FTC crit for varying climate conditions, not as an absolute pass/fail criterion.
E. Criterion mould growth
The threshold values for the initiation of mould growth are 80 % relative humidity and a temperature higher than 0°C during sufficiently long exposure time, typically longer than one month (Hukka and Viitanen 1997) .
F. Climatic Index
The Climatic Index (CI), introduced by Zhou et al. (2016) , is the ratio between the wetting and drying potential of a wall assembly (equation 1). The annual WDR load is the considered wetting potential, whereas the drying potential is described as the ability for the exterior air to remove moisture from the façade surface by evaporation. In this study, the annual outward vapour (diffusion) flux at the exterior masonry surface represents the potential evaporation. A CI ranging between 0 and 1 indicates a larger drying than wetting potential of the wall assembly, whereas a CI exceeding 1 implies the reverse.
(1) = D r a f t
III.CRITICAL ORIENTATION IN DURABILITY ASSESSMENT
A. Ghent
To assess the durability of building materials the worst-case-scenario should be considered. For this reason it is important to determine the critical wall orientation. This section evaluates the difference in durability between two wall orientations, i.e. the South West (SW) at 225° (North = 0°, East = 90°) and the North West (NW) at 315°, of retrofitted solid masonry wall assemblies in Melle. The wall orientation facing the SW receives the highest annual wind-driven rain (WDR) load (79.6 l/m²), whereas the NW represents the wall orientation at the shadow side of the building receiving a high annual WDR load (51.4 l/m²), but lacking direct shortwave radiation in winter. Despite, the largest annual WDR load for the SW wall, the moisture content (MC) in the NW wall is higher in January, prior to freezing temperatures in the masonry, due to one particular high intensity WDR event (figure 1b and 1c and figure A.3). Beside the high wetting load during this event, the drying rate is lower in the NW shadow wall compared to the SW wall. The exterior surface of the SW wall is able to dry during shortwave radiation, lowering the MC at the exterior surface (figure A.3). At night, the MC of the pore matrix redistributes to restore the moisture balance. This increased drying rate does not occur in the NW wall to the same extent.
In the SW wall assembly there is no occurrence of critical freeze-thaw-cycles (FTC crit ) during the evaluation year, whereas the NW wall assembly sustains 7 FTC crit (figure 2). This is related to the high intensity WDR event prior to freezing, the lower temperatures, and the lower drying rate in the NW wall assembly. It can be concluded that the wall orientation receiving the highest annual WDR load does not necessarily sustain the most FTC crit .
The second damage mechanism in this study is mould growth, both at the inner surface of the wall assembly (on the gypsum layer) and the interior masonry surface. Whereas there is a considerable difference in durability considering the freeze-thaw risk, there is no significant sensitivity due to orientation for mould growth.
B. Europe
To determine the critical orientation for the European locations the annual WDR load according to Straube and Burnett (2000) 
the critical orientation is ranked first in the list of descending WDR loads, whereas 33% is ranked in the top 3. For TMY , these values are respectively 20% and 40%. Note that locations receiving high WDR loads provide more predictable results, probably related to the high absorbed moisture content. Similarly to walls in Melle (Ghent), it can be concluded that the critical orientation concerning frost action does not only depend on the annual WDR load. More study into this domain is recommended to support future research.
IV.INFLUENCE OF INTERIOR RETROFIT ON SOLID MASONRY
A. Ghent
The influence of an interior retrofit on the number of critical freeze-thaw-cycles (FTC crit ) in solid masonry is assessed for a NW orientated wall assembly in Melle The temperature and heat flux at the interior surface are, as expected, considerably reduced after retrofitting. Whereas the lowest temperature at the interior masonry surface is initially 11.8°C, after interior retrofitting the temperature at this surface reaches the freezing point. This means that temperatures favourable for FTC crit occur deeper in the masonry after retrofitting. Figure 1a and 1c illustrate the moisture content (MC) in both wall assemblies. During wind-driven rain (WDR) events moisture infiltrates in the masonry where it is stored until conditions are favourable for moisture dissipation. For uninsulated walls, this happens either to the exterior climate or to the interior climate. The exterior surface is able to dry quickly in between WDR events, and the interior masonry surface remains dry throughout the entire evaluation year.
The interior insulation, on the other hand, restricts drying to the indoor climate and reduces the masonry's temperature, both leading to a considerably wetter and colder masonry (figure 1). In contrast to the uninsulated wall assembly, the MC at the interior masonry surface remains high throughout the year and the exterior surface remains wet for longer durations in between WDR events, meaning that the outer 50 mm of the masonry is prone to FTC crit .
During the evaluation year, there is no occurrence of FTC crit in the wall assembly before retrofitting, whereas the retrofitted wall assembly sustains 7 FTC crit at a critical depth of 0.5 mm and 25 mm from the exterior surface (figure 2). Besides, the deepest FTC crit reaches 257.3 mm inside the masonry. This is both related to the lower drying rate of the masonry due to the elimination of one drying surface, and the reduced temperature in deeper parts of the masonry because of the interior insulation.
Along with frost action, mould growth as well can influence the durability of interior retrofitted solid masonry and form a threat to the indoor air quality. At the interior surface of the wall assembly (gypsum layer), favourable conditions for mould germination do not occur during the evaluation year in both wall assemblies (figure A.4). There is no increase in mould risk after retrofitting. The interior masonry surface, on the other hand, is prone to the initiation of mould growth before and after retrofitting, because 80% relative humidity and a temperature of 0°C are exceeded longer than one month in both wall assemblies (figure A.4). According to the mould index, 0.08 and 3.41 respectively before and after retrofitting, there is only a D r a f t 9 potential risk for mould growth in the retrofitted case as mould index 1 is considered to initiate mould germination. However, both methods suggests an increased the mould risk after retrofitting the solid masonry. Note that it is uncertain whether mould growth is possible due to the airtightness of the wall assemblies, and whether the indoor air quality is endangered in the presence of a vapour barrier. As more research is required in this domain, mould growth will not be analyses further in this study.
B. Europe.
Similar conclusions are valid for the influence of interior retrofitting on the freeze-thaw risk in other European regions.
Whereas before retrofitting FTC crit occur only at 14% of the selected locations during the TMY [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] , after retrofitting this becomes 47%.
V. FREEZE-THAW BEHAVIOUR OF INTERIOR RETROFITTED SOLID MASONRY: THREE SCALES
A. Resolution of the city: Ghent
To assess the influence of the urban climate on the number of critical freeze-thaw-cycles (FTC crit ), a NW orientated retrofitted solid masonry wall assembly is evaluated at the following locations: Melle situated in the rural area around the city, Honda located in the port, Wondelgem as part of the suburbia and Provinciehuis situated in the city centre.
Firstly, the weather data are compared for the different urban locations. In agreement with the urban heat island (UHI) phenomenon, the minimum, maximum and average air temperature are higher in Provinciehuis than in Melle (table A. 2). The largest difference is respectively 1.46°C between the annual maximum temperatures versus 3.14°C between the minimum temperatures. Further, the daily maximum temperatures vary less than the daily minima, as the UHI effect is primary related to the reduced night time cooling rather than a higher heating degree during the day (Oke 1982; Arnfield 2003) .
The particular year of data used is exceptionally dry with an annual precipitation is 544.8 mm in Melle and 557.5 mm in Uccle, whereas the average annual precipitation in Uccle is 852.4 mm according to the Royal Meteorological Institute of Belgium (KMI 2016; KMI 2017) . Note that Plantentuin (the urban park) is not considered in this study as the precipitation is underestimated due to the shading by trees and leaves in the rain gauge. Furthermore, St. Bavo School is not analysed as only one location in the city centre is considered.
Wind direction at a height of 2 m is strongly influenced by surrounding obstacles and buildings, especially in urbanized areas. Measurements at locations only a few meters apart can entail different results. As the wind direction measurements in Melle, located in an open landscape, are in accordance to the synoptic wind direction, these wind direction measurements are used for all locations. This adaptation is justified as the direction of rain droplets is determined in higher air layers, independently from the local wind direction near the ground (Blocken and Carmeliet 2004) .
The number of hours during which freezing temperatures occur, provides the first indication concerning the freezing behaviour at the different locations (table A. 2). Melle is characterized by the longest frost duration, followed by Wondelgem D r a f t and Honda, whereas the least hours of frost occur in Provinciehuis. Further, the number of freeze-thaw-cycles (FTC crit ) crossing 0°C based upon minute data is provided. As short FTC are not critical for the masonry, only freeze-thaw events having a duration longer than 13 hours and 12 minutes (13h12m) are considered. The period of 13h12m is selected as this corresponds to the minimal in Melle to reach a threshold temperature of -5°C, based upon the assumption that moisture in small pores freezes at temperatures well below 0°C (Walder and Hallet 1985 , Straube and Schumacher 2006 , Zhou et al. 2017 . In decreasing order, the number of FTC is the highest in Melle, Honda, Wondelgem and Provinciehuis. Additionally, the number of FTC longer than 13h12m and preceded by at least 2 mm of precipitation during the previous 24 hours is assessed: three FTC occur in Melle and Wondelgem, two FTC in Honda, and one FTC in Provinciehuis. These results indicate that the freeze-thaw risk is the highest in the rural area of Ghent, whereas the least FTC crit are expected in the city centre. Note that the threshold value of -5°C is arbitrarily chosen and can vary depending on material properties. Besides, for a threshold temperature of -3°C similar results are obtained.
Analysing the weather data provides a first estimation about the difference in freeze-thaw action between the locations in Ghent. However, HAM simulations, taking into account wall assembly, orientation, material properties etc, are needed to provide detailed results. These simulations demonstrate that the exterior surface temperature of the masonry generally follows the outdoor air temperature which indicates that the UHI effect is experienced in the wall assembly as well. However, the exterior surface temperature does not only depend on air temperature, but also on the solar radiation and the longwave radiation exchange with the sky and surrounding ground.
The wind-driven rain (WDR) load, function of horizontal precipitation and wind velocity, differs considerably in Melle, Honda, Wondelgem and Provinciehuis, respectively 51.4 l/m², 24.5 l/m², 8.1 l/m² and 2.6 l/m². Because the horizontal precipitation is similar at all locations (table A. 2), the large differences are related to the variation in wind velocity as a result of land cover and terrain roughness. The wind velocity in the open landscape of Melle is significantly higher than in the built-up region of the (sub)urban environment of Wondelgem and Provinciehuis, resulting in a large differentiation in WDR load. Note that, due to the presence of a row of trees in the proximity of the MOCCA station in Honda, the WDR load for this location is possibly underestimated in the months prior to February 2017.
The moisture load in the pore matrix of the masonry does not only depend on the wetting potential, but relies on drying capacity as well. As this is a complex phenomenon depending on many (local) factors, the drying capacity is not assessed directly in this study. However, the relative moisture load between the different wall assemblies is assessed by the Climatic Index (CI), i.e. the ratio between the annual WDR load and potential evaporation (X. Zhou et al. 2016) , as introduced in section 2. The CI of the four locations in Ghent decreases in the same order as the WDR load and the general moisture content (MC) in the masonry ( figure 1c, 1d, 1e and 1f The decrease in ice mass density follows the decrease MC of the masonry, as illustrated in figure 3 . In all four wall assemblies ice crystallization and thawing occur after a certain delay in deeper parts of the masonry. In Melle, the maximum ice mass density is reached deep in the wall and partial freezing occurs up to the interior masonry surface, whereas ice crystallization in the wall assembly in Provinciehuis does not reach beyond a depth of 150 mm. The maximum values of ice mass density are 99.9 kg/m³, 62.4 kg/m³, 53.4 kg/m³ and 31.1 kg/m³, respectively in Melle, Honda, Wondelgem and Provinciehuis. Only in Melle the critical ice mass density of 82.5 kg/m³ is exceeded, and thus this is the only location sustaining FTC crit during the evaluation year.
Although, the only wall assembly sustaining FTC crit is situated in Melle, i.e. 7 FTC crit , the freeze-thaw risk and depth is probably decreasing in the following order based upon ice mass density: Melle, Honda, Wondelgem and Provinciehuis.
However, it can be concluded that there is a decrease in number of FTC crit in the city centre compared to the rural area during the evaluation year. Note that the assumptions made in the weather data analysis concerning the freeze-thaw risk at the different locations are only correct to some extent. HAM simulations indicate that the freeze-thaw risk in Wondelgem has been overestimated, as the weather data analysis does not take into account the WDR load, wall assembly, orientation, solar radiation etc. It can be concluded that the freeze-thaw risk not only depends on the UHI effect, but it is also strongly influenced by WDR load.
B. Resolution of the continent: Europe
Prior to the evaluation of climate change on the freeze-thaw behaviour of interior retrofitted solid masonry walls, the current freeze-thaw pattern is mapped and analysed using the TMY [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] . The number of critical freeze-thaw-cycles (FTC crit ) across
Europe is illustrated in figure 4a , whereas the number of FTC crit over the thickness of the masonry at the representative locations is illustrated in figure 5a . Southern Europe is categorized as a Mediterranean climate with humid winters and dry summers, a sub-category of the warm temperate climates. This climate zone is represented by Madrid, characterized by a wind-driven rain (WDR) load of 11 l/m² and a Climatic Index (CI Oct-Mar ) (as described in section 2) between October and March of 0.69, indicating a lower moisture load than other parts of Europe (table 1b) . During WDR events only the outer layer of the masonry is wetted and moisture is able to dissipate in the masonry quickly in between WDR events. Besides, the climate does not sustain many FTC crossing 0°C air temperature and there is only one FTC crossing 0°C based upon daily average temperature.
Retrofitted masonry wall assemblies in Madrid do not sustain FTC crit during the TMY [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] ( figure 4a and 5a) figure 4a and 5a ). The occurrence of FTC crit in this climate zone typically depends on the sequence of weather events, such as WDR intensity and duration, the rate of temperature decrease after WDR events etc. Wall assemblies receiving a higher WDR load do not necessarily sustain more FTC crit .
However, there are locations in the maritime climate with mild winters for which the number of FTC crit depends on the number of FTC in the climate. In these cases, the WDR load is significantly higher than other locations in the temperate climate zone, higher than 160 l/m², resulting in a moisture content (MC) exceeding the critical MC for long periods of time in winter.
Examples are Bergen and Belmullet, respectively sustaining 40 and 2 FTC crit (figure 4a). Note that the latter location only sustains 2 FTC crossing 0°C air temperature.
The submaritime climate is situated more land ward, but still influenced by the Atlantic Ocean. A wall assembly in Vienna receives a WDR load of 30.3 l/m², has a CI Oct-Mar of 0.95 and sustains 9 FTC crossing 0°C air temperature (daily) (table 1b).
Although only the outer surface of the masonry is wetted during WDR events, the wall assembly sustains 3 FTC crit during the TMY 2000-2009 at 1.9 mm, but FTC crit do not occur beyond this depth (figure 4a and 5a). Even though the air temperature during WDR events is higher than 0°C, the surface can be frozen due to the longwave radiation exchange with the sky and ground.
During these events, FTC crit can occur, but the depth of FTC crit remains shallow. This phenomenon does occur in other climate zones across Europe as well.
The subcontinental climate zone, North East of the submaritime climate zone, is represented by Stockholm. As in the (sub)maritime climate zone, the number of FTC crit in the subcontinental climate zone depends on the sequence of weather events. However, the occurrence of FTC crit is slightly higher than the other cool temperate climates. Stockholm is characterized by a WDR load of 34.4 l/m² and CI Oct-Mar of 0.93, both similar to Vienna, and the number of FTC crossing 0°C air temperature (daily) is 11 (table 1b) . A retrofitted solid masonry wall assembly in Stockholm sustains two FTC crit at 0 mm to 3.6 mm, the largest critical freeze-thaw depth (figure 4a and 5a). FTC crit occur at a larger depth than in wall assemblies in Vienna, but do not reach the freeze-thaw depth of De Kooy.
In Northern Europe the cold temperate boreal climates are situated, characterized by colder temperatures and limited shortwave radiation during winter. The boreal maritime climate is represented by Bodø, receiving a WDR load of 164.8 l/m², a CI Oct-Mar of 1.04 and 18 FTC crossing 0°C air temperature (daily) (table 1b). The number of FTC crit during the TMY [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] is 42 at the exterior surface, the highest number of FTC crit in Europe, and FTC crit reach throughout the entire masonry ( figure   4a and 5a) . 
C. Temporal resolution: recorded climate change across Europe
The change of the number of critical freeze-thaw-cycles (FTC crit ) across Europe based upon observed climate change is illustrated in figure 4b , whereas the evolution in FTC crit over the thickness of the masonry at the representative locations is illustrated in figure 5b . In the Mediterranean climate zone there is no change in the freeze-thaw risk, as the number of FTC crit remains zero for both TMY and TMY [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] ( figure 4b and 5b) . In Madrid, WDR load decreases between both TMY and the number of FTC crossing 0°C based upon daily average temperature remains one (table 1a and 1b).
In the maritime climate zone with mild winters there is in general a decrease in the number of FTC crit ( figure 4b and 5b) . In
De Kooy, the WDR load decreases between 142.0 l/m² and 83.7 l/m² whereas CI Oct-Mar remains the same, indicating a decreasing wetting potential of the wall assembly. Further, as the average temperature increases, there is a decrease of FTC crossing 0°C air temperature (daily) (table 1a and 1b). The number of FTC crit in De Kooy decreases from four to two, the freeze-thaw depth moves from 52.8 mm to 10 mm, and the FTC crit depth changes from 20 mm to 10 mm. Whereas there is a negative increase of the number of FTC crit beyond 10 mm, the number of FTC crit is neutral close to the exterior surface.
There is no clear trend in the submaritime climate zone, possibly related to the presence of the Alps (figure 4b and 5b). Grossi et al. (2007) indicate that sites having a high altitude potentially sustain an increasing number of FTC crit which is the case for
St.-Gallen (779 m a.s.l.). In Vienna, the number of FTC crit increases from zero to three. As mentioned before, FTC crit only occur in the outer 1.9 mm of the masonry. WDR load increases between the two TMY and the percentage of WDR load absorbed between October and March increases from 38.4 % to 53.9 % (table 1a and 1b). Although, there is an increase in sub-zero D r a f t 14 average temperatures in winter, presumably leading to more fluctuations around the freezing point (Grossi et al. 2007 ), the number of FTC crossing 0°C air temperature (daily) decreases in Vienna.
In the subcontinental climate zone the number of FTC crit decreases in three of the five locations (figure 4b and 5b), but Grossi et al. (2007) indicate the liability of major changes in this region based upon long-term simulations. In Stockholm, the number of FTC crit decreases from five to two, and the freeze-thaw depth shifts from 13.5 mm to 3.6 mm. As in Vienna, the distribution of WDR load shifts more towards the winter months, i.e. from 32.0 % to 52.6% between October and March (table 1a and 1b) .
Further, there is an increase of sub-zero average temperatures and a decrease of FTC crossing 0°C air temperature (daily).
In the maritime boreal climate zone, the number of FTC crit decreases in two of the locations, whereas there is an increase of 21 FTC crit in Bodø ( figure 4b and 5b ). This city too sustains an increase in WDR load and percentage of WDR load between October and March, i.e. 56.3 % to 76.8 % (table 1aand 1b). Sub-zero average temperatures increase as well, but the number of fluctuations around 0°C air temperature (daily) decreases. The number of FTC crit increases from 21 to 42, the largest raise across Europe. The freeze-thaw depth reaches the interior masonry surface for both TMY and the critical depth moves from 45 mm to the exterior surface. The largest increase of FTC crit occurs in the outer 100 mm of the masonry, which is the part of the masonry most sensitive to the increased wetting load.
In the continental boreal climate some locations sustain a decrease of one FTC crit , whereas the number of FTC crit in other locations remains zero, as in Sodankylä (table 1a and 1b, figure 4b and 5b).
In 14 % of the locations across Europe there is an increase of the number of FTC crit in retrofitted solid masonry wall assemblies, in 47 % the number of FTC crit decreases, in 3 %, sustaining at least one FTC crit , the number remains neutral, and in 36 % the number of FTC crit remains zero. In accordance to Grossi et al. (2007) there is a general decrease of FTC crit in temperate
Europe. Locations having a northern latitude or high altitude potentially sustain an increasing number of FTC crit . Additionally there can be observed that this is more likely for locations receiving an increasing WDR load during winter months. Note that this study only considers TMY, not including extreme events or return periods.
VI.CONCLUSION
Based on urban heat island observations in Ghent, it can be concluded that this phenomenon has a significant impact on the freeze-thaw risk. However, the difference in wind-driven rain (WDR) load, i.e. 51.4 l/m², 24.5 l/m², 8.1 l/m² and 2.6 l/m², in respectively Melle, Honda, Wondelgem and Provinciehuis, induces the main difference. For the evaluation year a clear decrease in the freeze-thaw risk and mould growth is found in the more urbanized landscapes of Ghent. Although, the retrofitted solid masonry wall assembly in the rural area is the only one sustaining critical freeze-thaw-cycles (FTC crit ), the freeze-thaw risk is supposedly decreasing in the following order: rural area, port site, suburbia and city centre of Ghent. 1961 -1990 and TMY 2000 -2009 .
Furthermore, in accordance with the study of Grossi et al. (2007) retrofitted solid masonry wall assemblies in the temperate climate zone of Europe generally experience a decrease in number of FTC crit , whereas locations having a Northern latitude or high altitude potentially undergo an increase. In addition to Grossi et al. (2007) , by taking into account the wall assembly and the critical orientation per location, the moisture load is considered in the freeze-thaw criterion. Therefore, the distribution of the WDR load across the year is of importance when assessing the freeze-thaw risk. An increasing number of FTC crit is more likely for locations experiencing an increased WDR load during winter.
The analysis considering the urban climate of Ghent evaluates one particular year of measured data, whereas the study on the (changing) pattern of FTC crit across Europe is based upon the use of TMY. The selection of climatic years in both analyses may have significant implications. It may be of interest to address extreme years, multiyear climate data and future climate projections when performing hygrothermal risk assessment.
Nevertheless, the study shows that the urban environment and climate change both impact the durability of the building envelope. Therefore future research considering the degradation of building materials due to climate change would benefit from using high resolution climate projections that include the effects of the urban environment. Furthermore, the research illustrates that conclusions on the freeze-thaw behaviour of wall assemblies strongly depend on the studied location and resolution. Page 28 of 28 https://mc06.manuscriptcentral.com/cjce-pubs
